ABSTRACT Biological membranes are composed of a large number lipid species differing in hydrophobic length, degree of saturation, and charge and size of the headgroup. We now present data on the effect of hydrocarbon chain length of the lipids and headgroup composition on the lateral mobility of the proteins in model membranes. The trimeric glutamate transporter (GltT) and the monomeric lactose transporter (LacY) were reconstituted in giant unilamellar vesicles composed of unsaturated phosphocholine lipids of varying acyl chain length (14-22 carbon atoms) and various ratios of DOPE/DOPG/DOPC lipids. The lateral mobility of the proteins and of a fluorescent lipid analog was determined as a function of the hydrophobic thickness of the bilayer (h) and lipid composition, using fluorescence correlation spectroscopy. The diffusion coefficient of LacY decreased with increasing thickness of the bilayer, in accordance with the continuum hydrodynamic model of Saffman-Delbrü ck. For GltT, the mobility had its maximum at diC18:1 PC, which is close to the hydrophobic thickness of the bilayer in vivo. The lateral mobility decreased linearly with the concentration of DOPE but was not affected by the fraction of anionic lipids from DOPG. The addition of DOPG and DOPE did not affect the activity of GltT. We conclude that the hydrophobic thickness of the bilayer is a major determinant of molecule diffusion in membranes, but protein-specific properties may lead to deviations from the Saffman-Delbrü ck model.
INTRODUCTION
The biological membrane is composed of lipids of varying acyl chain length. For instance, in Escherichia coli the cytoplasmic membrane has lipid tails ranging from C12 to C20 with varying degrees of saturation (1) . The polar headgroups consist of phosphatidylethanolamine (~75%), phosphatidylglycerol (~20%), and cardiolipin (~5%) as the dominant species (1) (2) (3) . Membranes from eukaryotic species may additionally contain phosphatidylcholine, sphingolipids, and steroid-type molecules like cholesterol. This diverse composition of the biological membrane is important for the distribution, organization, and function of integral and peripheral membrane proteins (4) . Certain combinations of lipids do not mix well and so-called membrane domains can be formed, in which specific proteins may partition and from which others may be excluded (5, 6) . The lipid composition of the membrane can influence the activity of proteins through specific lipid-protein interactions (lipids acting as cofactors) or through more generic parameters such as fluidity, bilayer thickness/hydrophobic (mis)match, surface charge, membrane tension, and lateral pressure (7) . For example, specific lipid-protein interactions play an important role in regulating the sorting of proteins between the Golgi complex and the plasma membrane (5), whereas bulk parameters such as the lateral pressure profile and the hydrophobic thickness affect the gating of mechanosensitive channels (8) .
The lateral mobility of proteins in biological membranes can be orders-of-magnitude slower than in synthetic membranes, owing to a high degree of crowding, membrane domains, or interactions with cytoskeletal components (9, 10) . Although the influence of the bilayer thickness and lipid headgroup composition on lateral diffusion of integral membrane proteins has been only poorly investigated, numerous studies emphasize the importance of these parameters on the activity of transporters and channel proteins. Although the Na þ K þ -ATPase (11, 12) and Ca 2þ -ATPase (13, 14) are relatively insensitive to the bilayer thickness, the branched-chain amino-acid transporter from Lactococcus lactis (15) and the sodium-dependent leucine transporter from Pseudomonas aeruginosa (16) show suboptimal activity when the acyl chain length is less than C16 or greater than C18. Similarly, the function of diglycerolkinase from E. coli (17) , the acetylcholine receptor (18) , the hexose transporter from human erythrocyte (19) , and the melibiose permease from E. coli (20) have been shown to depend on the bilayer thickness. For the mechanosensitive channel of large conductance from E. coli (8) and the Ca 2þ -voltage-activated K þ channel (21) , there is evidence that thin membranes favor channel openings, whereas thick bilayers stabilize the closed configuration.
In the case of hydrophobic mismatch, exposure of hydrophobic surfaces of the proteins to the aqueous environment is thermodynamically unfavorable (22) . Mouritsen and Bloom's mattress model (23) provides insight into the hydrophobic (mis)match between integral proteins and the lipid bilayer. The model relates the undulation of the membrane surface to elastic properties of the lipids and the proteins. Under conditions of hydrophobic mismatch between the protein and the lipids, the annular lipids may stretch or compress to the hydrophobic core of the proteins, whereas the protein may change its conformation. Theoretically, the adaptation of a protein to the hydrophobic mismatch results in tilting of its helices, aggregation/self association of the protein, and/or a change in backbone conformation or orientation of the side chains (24) (25) (26) (27) . These adjustments in the membrane lipids and/or proteins are likely to have consequences for the lateral organization and mobility of the proteins as well as their activity.
Lateral organization of proteins is not only determined by the hydrophobic (mis)match with the surrounding lipids but also by their headgroup composition. Studies in E. coli, altered in the content of anionic lipid (phosphatidylglycerol and cardiolipin), indicate that charge interactions between transmembrane helices and phosphoglycerol headgroups are important for protein topology in the membrane (28) . Similarly, the content of phosphatidylethanolamine (PE) has been shown to be important for the activity and topology of the g-aminobutyric acid permease and phenylalanine permease from E. coli (29) (30) (31) . Recently, the influence of PE on the lateral mobility of lipids in the membrane was reported. It was shown that the diffusion coefficient of lipids (NBD-lipid probe) decreased nonlinearly with increasing concentration of eggPE in eggPC membranes (32) . To the best of our knowledge, a detailed analysis of the effect of phospholipid composition on membrane protein mobility has not been documented yet.
The aim of this study is to investigate the influence of the hydrocarbon chain length and composition of the lipids on the lateral mobility of integral membrane proteins. The model proteins studied are the structurally stable glutamate transporter (GltT) from Bacillus stearothermophilus (33) and the conformationally flexible lactose permease (LacY) from E. coli (34) . The proteins were purified and fluorescently labeled, and reconstituted in large unilamellar vesicles (LUVs) composed of synthetic lipids. Subsequently, the LUVs were converted into giant unilamellar vesicles and the protein diffusion coefficients were measured using fluorescence correlation spectroscopy.
MATERIALS AND METHODS

Protein purification and labeling
The single cysteine mutant (Q412C) of the glutamate transporter GltT from B. stearothermophilus was prepared by standard molecular biology methods (35) . The lactose permease LacY (C154G/S401C) mutant from E. coli (36) was a gift of Prof. H. R. Kaback (University of California, Los Angeles). For protein expression, E. coli strain MC1061 (for GltT) or XL1-blue line (for LacY) was grown in Luria broth, and, in the midexponential growth phase (OD 600~0 .8), the cells were induced for 2 h with 100 mg/L L-arabinose (for GltT) or 0.5 mM isopropyl-b-D-thiogalactopyranoside (for LacY). The cells were harvested by centrifugation, resuspended in 50 mM potassium phosphate buffer, pH 7.0 to a final OD 600~1 00 and lysed by a single passage through a French press at 25,000 psi. The membranes were collected by centrifugation at 180,000 Â g for 1 h at 4 C, resuspended in 50 mM potassium phosphate buffer, pH 8.0 to a protein concentration of 5 mg/mL and solubilized for 30 min at 4 C by using either 1% (w/v) n-dodecyl b-D-maltoside (DDM) (for GltT) or 2% DDM (for LacY).
The solubilisate was cleared by centrifugation for 15 min at 280,000 Â g, after which the solubilized proteins were purified by nickel-affinity chromatography, essentially as described previously (37, 38) . Solubilization buffers were 50 mM potassium phosphate (KPi), pH 8.0, 300 mM NaCl, 10% (w/v) glycerol, supplemented with 15 mM imidazole (for GltT); 50 mM KPi, pH 8.0, 200 mM NaCl, supplemented with 5 mM imidazole (for LacY). The solubilized material was incubated with Ni 2þ -Sepharose resin for 1 h at 4 C while rotating (25 mg of resin per 1 mg of total membrane protein). Subsequently, the resin was drained and washed with 20 column volumes of solubilization buffer containing 0.05% (w/v) DDM (for GltT) or 0.01% (w/v) DDM (for LacY), supplemented with either 60 mM (GltT) or 25 mM imidazole (LacY). The proteins were labeled with Alexa Fluor 488 (AF488; Invitrogen, Carlsbad, CA), bound to the Ni 2þ -sepharose resin, at a 1:30 molar ratio of protein over AF488 (37) . After incubation for 2 h, the column was washed with 20 column volumes of solubilization buffer without imidazole supplemented with 0.05% (w/v) DDM (GltT) or 0.01% DDM (LacY) to remove free AF488 dye. Subsequently, the proteins were eluted with solubilization buffer containing 400 mM of imidazole without glycerol. The concentration of purified proteins was determined by the Bradford assay (39), using bovine serum albumin as a protein standard, and by measuring the absorbance at 280 nm, using extinction coefficients 0.625 and 1.169 (mg/mL) À1 cm À1 for GltT and LacY, respectively.
The Alexa Fluor 488-labeling of the proteins was verified by matrixassisted laser desorption/ionization-time-of-flight mass spectrometry, using a-cyano-4-hydroxycinnaminic acid as matrix.
Vesicle formation and membrane reconstitution
Large unilamellar vesicles (LUVs) were formed from 1,2-dimyristoyl-snglycero-3 phosphocholine (diC14:
, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (Avanti Polar Lipids, Alabaster, AL), and the lipid probe 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-dicarbocyanine perchlorate (DiD) (excitation at 644 nm, emission at 665 nm; Invitrogen) was incorporated at 1:150,000 mol/mol ratio. Briefly, 40 mg of lipid mixture was dried in a rotary evaporator for 1 h to remove the chloroform, as described previously (37, 38) .
The thin film of dried lipids was rehydrated to a final concentration of 20 mg of lipid/mL in 50 mM KPi, pH 7.0 for 30 min, and, subsequently, the lipids were flash-frozen in liquid nitrogen and thawed at room temperature; the freezing-thawing cycles were repeated three times. Before membrane reconstitution, the multilamellar vesicles, obtained after freezing-thawing, were extruded through 400-nm polycarbonate filters to obtain LUVs. Next, the LUVs were diluted to 4 mg/mL (volume of 2.5 mL) and titrated stepwise with 10 mL aliquots of 10% Triton X-100 (SigmaAldrich, St. Louis, MO); typically 80 mL of 10% Triton X-100 was used per 2.5 mL of LUVs (10 mg of lipids in total) (40) . The purified proteins were added to the detergent-destabilized LUVs at 1:150 protein/lipid ratio (wt/wt), unless indicated otherwise. The detergent-lipid-protein complex was incubated while gently shaking for 45 min at room temperature. The mixture was then incubated with 40 mg/mL of polystyrene beads (BioBeads SM2 from Bio-Rad Laboratories, Hercules, CA) to remove the detergent (41) . Subsequently, the proteo-LUVs were dried under vacuum in the presence of 3 mM sucrose for at least 12 h, and giant unilamellar vesicles (GUVs) were formed as reported previously (37, 38) . The dried lipid film was rehydrated in 10 mM KPi, pH 7.0, and GUV formation was monitored on a confocal microscope.
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Transport assays
The activity of GltT, reconstituted in LUVs (lipid composition specified in the Fig. 1 legend) , was determined as described previously (42) . LUVs were thawed, extruded as described above, and centrifuged for 20 min (280,000 Â g, 4 C, TLA 100.4 rotor; Beckman Coulter, Brea, CA). Subsequently, the LUVs were resuspended in 50 mM potassium phosphate, pH 7.5 (internal buffer), to a protein concentration of 4 mg/mL. In the transport assays, proteoliposomes were diluted 100-fold into 200 mL of 64 mM sodium phosphate, pH 6.0 (external buffer), supplemented with 0.2 mM valinomycin plus 1 mM [ 14 C]glutamate (Amersham Bio-Sciences, Buckinghamshire, UK)). All assays were performed at 30 C, except when otherwise indicated, and internal and external buffers were iso-osmotic. Transport reactions were stopped by addition of 2 mL of ice-cold 100 mM LiCl, followed by rapid filtration over BA-85 nitrocellulose filters and an additional wash step with lithium chloride. Levels of radioactivity were determined by addition of 2 mL of emulsifier scintillator plus liquid (Perkin Elmer, Waltham, MA), and analyzed in a Tricarb 2800 TR isotope counter (Perkin Elmer).
Fluorescence correlation spectroscopy
Measurements were carried out on a dual-color laser scanning confocal microscope (37, 38) based on an inverted microscope Axiovert S 100 TV (Zeiss, Jena, Germany) in combination with a galvanometer optical scanner (model 6860; Cambridge Technology, Cambridge, MA) and a microscope objective nanofocusing device (P-721; Physik Instrumente, Karlsruhe, Germany). Two laser beams, a 488-nm argon ion laser (Spectra Physics, Mountain View, CA) and a 633-nm He-Ne laser (JDS Uniphase, Milpitas, CA), were focused by a C-Apochromat infinity-corrected 1.2 NA 40Â water immersion objective (Zeiss) for excitation of the Alexa Fluor 488 and DiD fluorophores. The fluorescence was collected through the same objective, separated from the excitation beams by a beam pick-off plate (BSP20-A1; Thorlabs, North Newton, NJ), and finally directed through emission filters (HQ 550/100 and HQ675/50; Chroma Technology, Rockingham, VT) and pinholes (diameter 20 mm) onto two avalanche photodiodes (SPCM-AQR-14; EG&G, Quebec, Canada). The fluorescence signals were digitized and auto-and cross-correlation curves were calculated using a multiple t-algorithm.
The diffusion of fluorescent particles within lipid membrane occurs in two dimensions and thus the autocorrelation curves were fitted using a two-dimensional diffusion model (43) GðtÞ
where N is the average number of fluorescent particles in the detection area. The diffusion time t D is related to the diffusion coefficient D through the expression
where u is lateral radii, defined as the point where the fluorescence count rate drops e 2 times. The setup was calibrated based on the known diffusion coefficients of
To accurately position the focal volume on the pole of the GUV, a z-scan, parallel to the optical axis, was performed. Next, the fluorescence signals in the red (DiD fluorescence, 633-nm excitation) and green (AF488-labeled protein fluorescence, 488-nm excitation) channels, F 1 (t) and F 2 (t), respectively, were recorded. The time-dependent fluctuations of F 1 (t) and F 2 (t) were evaluated by calculating the autocorrelation functions G(t). The obtained autocorrelation functions G(t) could be fitted reasonably well to a one-component two-dimensional diffusion model, yielding values of the protein and DiD diffusion coefficients as described previously (37) . To avoid undulations in the case of large GUVs, and possible curvature effects in the case of small vesicles, only GUVs with diameters of 15-40 mm were used for the measurements. The details of the data evaluation have been published elsewhere (37) .
RESULTS
Protein reconstitution and giant unilamellar vesicle formation
The large unilamellar vesicles (LUVs) were prepared from phosphocholine lipids varying in diacyl chain length from 14 to 22 C-atoms, with DiD incorporated as the fluorescent lipid probe. To study the effect of bilayer thickness on the diffusion of integral membrane proteins, we incorporated into the vesicles the lactose permease LacY (monomer; lateral radius (R)~2 nm, hydrophobic length (h)~2.7 nm) from E. coli (36, 45) and the glutamate transporter GltT (trimer; R~4 nm, h~3.1 nm) from B. stearothermophilus (35) . To obtain R and h for GltT, we used the crystal structure of the glutamate transporter from Pyrococcus horikoshii (46) . Selective fluorescent labeling of a single cysteine residue in each of the membrane proteins was done using Alexa Fluor 488 C5 maleimide (AF488). The purity and labeling of the proteins was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis and imaging of the gels as described previously (37) . AF488-labeled proteins were reconstituted into Triton X-100-destabilized LUVs composed of the phosphocholine lipids at molar ratios of 1:30,000 (for trimeric GltT) and 1:8,000 (LacY), unless stated otherwise. The GUVs were prepared by drying the LUVs in the presence of low amounts of sucrose to stabilize the proteins during dehydration, as described previously (38) . GUV formation was monitored by means of confocal microscopy and measurements were carried out at room temperature (20 C). Fig. 1 shows the confocal images of GUVs prepared from phosphocholine lipids of different chain lengths.
Lateral mobility of lipid analog
The diffusion coefficient of DiD (lipid probe) as a function of hydrophobic bilayer thickness h is presented in Fig. 2 A. The bilayer thickness h corresponds to the hydrophobic thickness of the membrane and was taken from Lewis and Engelman (47) . The diffusion coefficient of DiD decreased with increasing h, as was reported previously (48, 49) . The diffusion coefficient of DiD was not affected by the presence of LacY or GltT, co-reconstituted with DiD at lipid/ protein molar ratios of 1:8,000 and 1:30,000, respectively.
Lateral mobility of membrane proteins
Next, we measured the lateral mobility of two integral membrane proteins, i.e., GltT and LacY, as a function of bilayer thickness (Fig. 2 A) . The diffusion coefficients of LacY decreased on increasing the thickness of the bilayer, whereas GltT displayed a clear maximum at diC18:1PC lipids. In the thickest membrane (diC22:1PC), D of GltT and LacY were not significantly decreased when compared diC20:1PC membranes. The diffusion coefficients of GltT and LacY normalized to that of DiD are plotted versus bilayer thickness in Fig. 2 B. In the case of LacY, the normalized diffusion coefficient was nearly constant, while that of GltT increased up to diC18:1PC and remained nearly constant upon a further increase in membrane thickness.
Because of the unexpected trend in the (normalized) diffusion of GltT, we determined the transport activity of GltT in diCn:1PC (for n ¼ 14, 16, and 18) and compared the activity to that of proteoliposomes composed of equal fractions of DOPC, DOPG and DOPE. Fig. 2 C shows that GltT was relatively insensitive to the hydrophobic thickness and headgroup composition of the membrane lipids.
It has been shown that PG lipids can have pronounced effects on the stability, orientation, and topology of the membrane proteins (28, 50) . Because short-tailed, unsaturated PG is not available, we incorporated DOPG in diCn:1PC (n ¼ 14, 18, and 22) at 1:3 molar ratio and Table 1 ). The diffusion coefficient of DiD decreased linearly with increasing bilayer thickness; the values were~20% higher than in pure PC lipids. The diffusion coefficient of GltT remained constant, whereas LacY showed a linear decrease on increasing bilayer thickness, comparable to what was observed in pure PC lipids.
Lateral mobility of lipids and membrane proteins in ternary mixtures of DOPC/DOPG/DOPE
To determine the effect of lipid compositions on the lateral mobility of DiD, GltT, and LacY, GUVs were prepared at different ratios of DOPC and DOPG, keeping the DOPE concentration constant at 10 mol %; DOPG was varied from 5 to 60 mol %. The diffusion coefficients of DiD, GltT, and LacY versus DOPG concentration are depicted in Fig. 3 A. The diffusivity of the DiD, GltT, and LacY was not influenced by DOPG lipids in the membrane. Next, we varied the ratio of DOPC/DOPE (up to 50 mol % DOPE), while keeping the DOPG concentration constant at 25 mol %. The presence of 25 mol % DOPG lipids enhanced rapid formation of GUV but did not influence the lateral mobility of the proteins and lipids (Fig. 3 A) . On the contrary, we observed a significant decrease in lateral mobility of DiD, GltT, and LacY as a function of DOPE concentration in the membrane.
DISCUSSION
Saffman-Delbrück's continuum hydrodynamic model describes lateral and rotational diffusion of objects moving in a two-dimensional fluid, e.g., a lipid membrane (51, 52) . The protein is considered as a cylindrical entity moving in a continuous viscous fluid of defined height (h), which is separated by fluids of lower viscosity (aqueous environment). The lateral diffusion coefficient (D) can be expressed as
where k B is the Boltzmann constant, T is absolute temperature, h is the thickness of the bilayer, m is viscosity of the membrane, m 0 is viscosity of the outer liquid, R is the radius of the diffusing object, and g is Euler's constant. In this model, D is logarithmically dependent on the radius of the diffusing object and inversely proportional to the thickness of the bilayer and viscosity of the lipid membrane.
In this study, the bilayer thickness was increased by increasing the hydrocarbon chain length of the lipids (47) . Fig. 2 A shows that the diffusion coefficient of DiD decreased on increasing the bilayer thickness h of the membrane. This dependence can be rationalized by the fact that a thin membrane allows fewer van der Waals interactions between lipids and lipid probe than a thick membrane (53) (54) (55) . The trends in lipid diffusion were similar when 25 mol % DOPG was incorporated in the bilayers of different thickness ( Table 1 ).
The effect of hydrophobic (mis)match on diffusion of membrane proteins
For the evaluation of the effect hydrophobic mismatch on protein diffusion, the normalized thickness dependence (Fig. 2 B) was used because it eliminates possible bilayer viscosity variations; D P and D L are the diffusion coefficient for membrane protein and lipid analog DiD, respectively. For instance, in the case of a constant hydrodynamic radius, D N should be independent of the thickness, at least in a limited thickness range. The lateral mobility of LacY continuously slows down on increasing the bilayer thickness (and D N was nearly constant) as the Saffman-Delbrück model predicts for a protein diffusing in a two-dimensional fluid. GltT, on the other hand, displayed a maximum in diffusion around a bilayer thickness of 3.8 nm (Fig. 2 A) . One way of looking at the data is that the diffusion coefficient of GltT in thin membranes (C14 lipids) is approximately twofold lower than could be expected. In terms of the Saffman-Delbrück model, this would imply an approximately fourfold increase in hydrodynamic radius of the protein, which cannot be explained by increased tilting of the helices. Alternatively, a protein highly mismatched in terms of hydrophobic surface may aggregate. However, our functional data show that GltT is equally active in C14 as in C18 lipids (Fig. 2 C) , making it unlikely that (part of) the protein has (irreversibly) aggregated in the thin membranes. According to the mattress model (23) , the inclusion of a protein into a (mismatch) membrane perturbs the surrounding lipids significantly to avoid exposure of transmembrane helices to the aqueous phase. For the glycerol channel (GlpF, homo-tetramer, aquaporin) in a POPC/POPE bilayer, it was calculated that within a radial distance of 10 Å , lipids were disturbed due to the insertion of the protein (56) . Recent neutron scattering studies have shown that the S1-S4 helices of the voltage sensory domains of the KV A P channel, reconstituted in membranes composed of POPC/POPG (3:1), decrease the local bilayer thickness (h) from~52.3 to~49.3 Å (57). It is evident that inclusions of proteins into membranes distort the bilayer locally, an effect that will increase with increasing mismatch. From theoretical calculations and molecular dynamics simulations, it has been proposed that the membrane deformation in the lateral dimension may be in the order of the protein radius or bilayer thickness (58, 59) . The fact that the diffusion coefficient of LacY changes almost inversely proportional with the hydrophobic thickness may imply that this protein influences the membrane structure less than GltT. In fact, LacY is a conformationally flexible protein (34, 60, 61) that may adjust the tilting of its helices more than GltT does. The diffusional behavior as a function of bilayer thickness of LacY is very similar to that of transmembrane peptides (49) . E. coli lactose permease is a monomeric protein of 12 transmembrane helices, heart-shaped with a surface radius of 2 nm and hydrophobic length of~2.7 nm (45) . The optimal match between lipids and hydrophobic core of the protein is expected for diC16:1PC, which has a hydrophobic thickness of~2.6 nm (47). The adaptation of LacY to hydrophobic mismatch may be reconstructed from NMR and other spectroscopic data and molecular dynamics simulation studies. Overall, these data indicate a highly flexible structure, with the majority of amino acids readily accessible to water (62) , and helices that readily adjust their tilting to mismatching environments and during translocation (61) . The B. stearothermophilus glutamate transporter is a trimeric protein, with each subunit composed of eight transmembrane helices and two reentrant loops forming the catalytic heart of the protein. Based on crystal structure of GltT from P. horikoshii, Groeneveld and Slotboom (33) designed cross-links at the subunit interface. These and other studies (63) indicate that the trimerization domain of GltT results in an overall rigid protein structure.
Proteins are less compressible than lipids in membranes. The volumetric compressibility moduli of globular proteins in water are 10 10 -10 11 Nm À2 (64), which is 1-2 orders-of-magnitude larger than those of liquid-crystalline phospholipid bilayers (~10 9 Nm À2 (65); and 2-3 ordersof-magnitude larger than the moduli for bilayer thickness compressibility (~10 8 Nm À2 (66) ). While this is true for the effects of hydrostatic pressure on proteins in solution, it is not necessarily the case for membrane proteins. For instance, upon changing the lateral pressure (e.g., thinning or thickening of the bilayer) a protein may change its conformation, as is well known for mechanosensitive channels (8) . In such cases, the structure of a protein can change without major changes in its volume. By analogy, LacY may undergo large structural changes upon hydrophobic mismatch, whereas GltT may be more robust and deform the bilayer. Although there is no experimental evidence for bilayer deformation due to hydrophobic mismatch with the protein (that is, under the conditions of low protein/lipid ratio as used here), theoretical calculations suggest that the magnitude of bilayer deformation can be equivalent to the radius of the proteins or the membrane thickness. Under such conditions, the effective mobility may scale to 1/R rather than ln(1/R), as proposed previously (67) . We speculate that the anomalous diffusion behavior of GltT may be due to such (relatively) large membrane deformations.
The role of lipid composition on the diffusion coefficient of proteins and lipids
We also investigated the role of anionic and nonbilayer lipids on the lateral diffusion of GltT, LacY, and DiD, in particular because these lipids are often needed for optimal activity of membrane transport proteins (68) . We did not observe any significant effect of the surface charge (fraction of DOPG) on the diffusion of lipids and proteins in the membrane. Importantly, we observed a linear decrease in the lateral mobility of lipids and proteins on increasing the Biophysical Journal 99(5) 1482-1489
Lateral Mobility in Membranesconcentration of DOPE in the membrane. An increase of PE in the membrane results in a high molecular packing due to a decrease in lipid-lipid spacing, thereby increasing the van der Waals interactions. Moreover, compared to PC, PE can make additional hydrogen bonds with neighboring molecules through its amine headgroup (32, 55, (69) (70) (71) . These interactions increase the membrane viscosity. Moreover, the bilayer thickness increases slightly when the fraction of PE is increased relative to PC (71) . Although the increase in membrane viscosity is difficult to quantify, our data strongly suggest that the lateral mobility of proteins in PE-containing membranes is mainly determined by the bulk properties such as viscosity (e.g., D N is nearly constant as a function of DOPE) rather than specific interaction between lipids and proteins.
In conclusion, the lateral mobility of GltT and LacY is affected differently in membranes with hydrophobic mismatch. Whereas the diffusion of LacY is in line with the Saffmann-Delbrück model, GltT mobility exhibits abnormal thickness-dependence. This anomaly is not likely due to changes in conformation (or aggregation state), as this would require unrealistic alterations in the hydrodynamic radius of the protein. We propose that the structure of the bilayer is altered by the inclusion of GltT and that the diffusion no longer follows a logarithmic dependence of the hydrodynamic radius of protein. By varying the DOPG and/or DOPE concentration in the membrane (at the expense of DOPC), it becomes evident that specific lipid-protein interactions do not play a determining role in the mobility of the proteins. Instead, the viscosity of the membrane seems to be the major determinant of lateral diffusion.
